Inspired by the flexible wings and fins of flying and swimming animals, we investigate the flow induced by the interaction between a flapping flexible surface and the surrounding fluid for the limiting case of Strouhal number St → ∞ (zero free-stream speed). The model selected for this purpose is a twodimensional sinusoidally pitching rigid symmetric foil to which is attached at the trailing edge a thin chordwise flexible surface (along the chord line). The flow so generated is a coherent jet aligned along the foil centreline, containing a reverse Bénard-Kármán vortex street and delivering a corresponding unidirectional thrust. We analyse the flow and thrust generation process. The measured velocity field suggests that the flow and thrust generation mainly occurs during the phases when the trailing edge is near the centreline. Flexibility of the surface is important in accelerating the near-wake flow and in transferring momentum and energy to the fluid. We present a detailed account of when and where the momentum and energy are added to the fluid. This study shows that the deformations of the flexible surface are responsible for generating a favourable pressure gradient along the jet direction, and for the observed unsteady actuator disc-type action.
Inspired by the flexible wings and fins of flying and swimming animals, we investigate the flow induced by the interaction between a flapping flexible surface and the surrounding fluid for the limiting case of Strouhal number St → ∞ (zero free-stream speed). The model selected for this purpose is a twodimensional sinusoidally pitching rigid symmetric foil to which is attached at the trailing edge a thin chordwise flexible surface (along the chord line). The flow so generated is a coherent jet aligned along the foil centreline, containing a reverse Bénard-Kármán vortex street and delivering a corresponding unidirectional thrust. We analyse the flow and thrust generation process. The measured velocity field suggests that the flow and thrust generation mainly occurs during the phases when the trailing edge is near the centreline. Flexibility of the surface is important in accelerating the near-wake flow and in transferring momentum and energy to the fluid. We present a detailed account of when and where the momentum and energy are added to the fluid. This study shows that the deformations of the flexible surface are responsible for generating a favourable pressure gradient along the jet direction, and for the observed unsteady actuator disc-type action.
Introduction
Thrust generation is an essential component of all flying and swimming animals and vehicles. The flapping mode of propulsion has been successfully exploited by birds, insects and fish. Force generation by the flapping wings and fins in nature thus has been a major source of that the flexible foil produces accelerating flow in the downstream which is analogous to that produced by an actuator disc, or, more appropriately, an 'unsteady actuator disc'. We show that the observed actuator disc-type action is a consequence of flexibility in the sense that flexibility helps in orienting the pressure gradient in the downstream direction, which is not possible with rigid foils/flaps. Though we report this interesting observation, we do not intend to propose any model for the 'unsteady actuator disc'.
Most earlier studies on flapping foils explore the after-effects of using flexibility, namely performance enhancement in terms of thrust and efficiency characteristics (e.g. [35] [36] [37] ). The details of unsteady flow and thrust generation, and the intricate interactions between fluid and flexible surface, however, have received little attention. The primary aim of the present paper is to bridge this gap, explore the flow physics and clearly bring forth the crucial role of flexibility in the generation and development of unsteady flow and thrust. We also explain with the help of control volume analysis using momentum and energy calculations when and where the momentum and energy are added to the fluid by the flapping flexible surface. Although our study is for a flexible foil pitching in a quiescent medium, the methodology and the conclusions may be extended to the cases with non-zero free-stream velocities as well.
The contents of the rest of the paper are as follows. Section 2 describes the experiments and §3 the flow. Section 4 deals with the flow and thrust generation mechanisms and demonstrates the role of flexibility; we also present details of flap motion, and discuss how the vortices are generated. This section further discusses how momentum and energy are added to the fluid by the flexible flap, the control volume analysis and the unsteady nature of thrust generation. Towards the end of §4, we briefly present the unsteady actuator disc-type action created by the flexible foil and also discuss the mechanism of pressure gradient generation that is responsible for the actuator disc-type action. Section 5 presents the effect of pitching parameters on the flow and thrust generation. Section 6 contains the main conclusion.
Experiments
We conduct experiments in quiescent water in a glass tank (800 × 800 × 350 mm 3 ). Figure 1a shows a schematic of the experimental arrangement. We sinusoidally oscillate the aerofoil in pitching at a fixed location and study the flow in a horizontal plane along the foil mid-span. Below we describe the experimental set-up and diagnostic techniques; however, as they are similar to those used in Shinde & Arakeri [29] , we give only the essential details here. Additional information can be found in [38] .
We use an aerofoil model, shown in figure 1b, which we call a 'flexible foil'. The aerofoil section has a NACA0015 symmetric profile with chord c = 38 mm and span 100 mm, and is made from a hard plastic (acrylonitrile butadiene sulfide). To introduce flexibility, we extend the chord beyond the rigid trailing edge by appending a chordwise flexible transparent surface made from 0.05 mm thick polythene sheet (Young's modulus E = 3.02 × 10 8 N m −2 and flexural stiffness EI = 3.15 × 10 −7 N m 2 ). The flexible surface deforms only in the chordwise direction. The flexible surface exposed to the fluid is 30 mm along the chord and covers the entire span. Thus, the ratio of flexible to rigid chord is 79%, which is fixed in our experiments. The mass of the flexible surface (0.15 g) is negligible when compared with the added mass of fluid (≈ 70 g, estimated by treating the flexible surface as a two-dimensional plate moving normal to itself). For convenience, we call the 'flexible surface' a 'flexible flap' or just a 'flap' in the rest of the paper. A servo motor (Panasonic A series) in co-ordination with a Galil motion controller card (DMC-1425) oscillates the aerofoil sinusoidally about a pitching point at 12 mm (0.32c) from the leading edge. The pitching motion is prescribed as θ = θ max sin(2π ft), where θ is the instantaneous pitching angle, t is the time, θ max is the amplitude and f is the frequency of pitching. The parameters that varied were pitching amplitude (θ max = ±10 • , ±15 • , ±20 • ) and frequency ( f = 1, 2, 3, 4 Hz for each θ max ). In all, we studied the 12 cases listed in table 1.
We used visualizations and particle image velocimetry (PIV) as the main diagnostics. Panel (a) shows that the aerofoil model is confined between end-plates to ensure two-dimensionality; a gap of about 1 mm between the aerofoil end and the end-plate is provided on either side to allow smooth motion. Spacers between the end-plates are away from the aerofoil so as not to affect the flow. The aerofoil oscillates symmetrically about the zero-angle position of the rigid chord. x, y, z are, respectively, the streamwise, transverse, spanwise directions and u, v, w are the corresponding velocities.
We call x the streamwise direction even though there is no free-stream flow. a limited region depending on the requirement. A laser sheet (about 1 mm thick) was used to illuminate the horizontal plane along the aerofoil mid-span. Visualizations were with fluorescein disodium salt (dye) or polystyrene particles, captured using a Kodak Motion Corder Analyzer camera (SR-Ultra, 512 × 480 pixels). The velocity field was obtained with PIV using 30 µm hollow glass spheres (3 M TM ) as tracers and a Nd:YAG dual pulsed laser (Quantel Big Sky) for illumination. Image pairs were acquired at a rate between 1 and 5 Hz using a SharpVISION TM camera (1360 × 1036 pixels), and processed with the PIV software proVISION-XS TM (IDT) using 32 × 32 pixels interrogation windows with 50% overlap. Spacing between the velocity vectors was 0.064c. The overall error was estimated to be about 1% of the instantaneous maximum streamwise velocity. Our PIV measurements do not resolve the boundary layers around the foil and the flap. We used two separate optical arrangements, as shown in figure 2 . For visualizations, the flap was blackened to trace its motion ( figure 2a) ; the aerofoil and flap motions were tracked from the motion of the edge of the shadow. However, for the PIV measurements, the flap was transparent For visualizations, the flap was blackened except for a small portion near the TE (about 3 mm) to identify the start of the flap, and the light sheet was passed from the bottom side. For PIV, the flap was transparent to obtain velocity data on both of its sides, and the light sheet was passed from the left side to minimize the shadowed region.
and light passed through (figure 2b), which made it possible to obtain velocity data on both of its sides; shadow was only due to the rigid aerofoil. Thus, the velocity data were accurately captured except in a very narrow shadow region where the velocities were anyway small due to zero freestream speed.
As there was no free-stream flow (U ∞ = 0), we defined the Reynolds number based on the maximum velocity of the rigid foil trailing edge (V TE max ) as Re = V TE max c/ν, where ν is the kinematic viscosity of water. The Re range was between 1078 and 8625 for the 12 cases studied (table 1). Our experiments considered one limiting case of the flight regime where the Strouhal number (St = fA/U ∞ , where A = TE max is the y-amplitude of the rigid foil trailing edge deflection) and reduced frequency (k = 2π fc/U ∞ ) tend to infinity; if defined alternatively using V TE max and c or TE max , both St and k turn out to be either a constant or a parameter already listed [29] . Non-dimensional frequencies in the form of the Roshko number (Ro = fc 2 /ν) are 1437, 2874, 4310, 5747, respectively, for 1, 2, 3, 4 Hz. In this paper, the abbreviations LE, TE and FT, respectively, denote the leading edge, the trailing edge and the flap tip; for any quantity 'q', we denote the ensemble average by q , time average byq and its non-dimensional form by q * .
The flow
The sinusoidal oscillations of the aerofoil with chordwise flexible flap attached at the trailing edge create a coherent, undulating jet aligned along the centreline (figure 3) that has an associated thrust. The jet is composed of vortices arranged in a 'reverse Bénard-Kármán vortex street' configuration. As there is no free stream in the present experiments, it needs to be emphasized that the jet flow is entirely due to the flapping motion of the flexible foil. In the absence of free-stream flow, the jet generated by the flapping foil has the tendency to switch direction [20, 22] . Shinde & Arakeri [29] have identified the two underlying mechanisms for suppressing the jet meandering and generating the coherent reverse Bénard-Kármán vortex street and the unidirectional thrust along the centreline: first, appropriate spatial and temporal shedding of the vortices from the flap tip, and, second, convection of the vortices away from the place of shedding. Further, they defined a non-dimensional parameter which includes the effects of fluid-structure interaction, namely 'effective stiffness' EI * = 8EI/(1/2 ρ V 2 TE max s f c 3 f ), which represents the inverse of the flap deflection due to the fluid-dynamic loading; in this expression, EI is the bending stiffness of the flap, ρ is the fluid density, V TE max is the maximum velocity of the rigid foil trailing edge, s f is the span and c f is the chord length of the flexible flap. Based on EI * , Shinde and Arakeri identified three flow regimes and showed that only for a flap of the appropriate 'effective stiffness' (0.1 EI * 1) are the coherent and unidirectional jet and thrust produced. We observed that the pitching flexible foil creates the coherent jet for those cases in table 1 which satisfy this criterion.
In this paper, our aim is to understand the mechanism of flow generation and the unsteady nature of thrust generation through control volume analysis, and clearly demonstrate the role of flexibility in these processes. We will also briefly discuss an important observation, namely the 'unsteady actuator disc'-type action which occurs as a consequence of foil flexibility. We are not aware of any study on flapping flexible foils that deals with the details of how the flow and the thrust are generated, especially when there is no externally imposed flow or when the foil is not moving forward.
Most of the discussion up to §5 is for one representative case that falls almost in the middle of the parameter range, namely θ max = ±15 • and f = 2 Hz (Re TE = 3234), which we refer to as the 'standard case'; however, as we will show in §5, many of the general conclusions are valid for other cases as well.
In each cycle, a pair of relatively large counter-rotating vortices along with a chain of smaller vortices (observed in the dye visualization, but not captured by PIV due to insufficient resolution) are shed from the flap tip. The oscillating foil and the flexible flap draw in fluid from the quiescent ambient and accelerate it downstream to create the narrow, undulatory jet as shown in figure 3 (also see electronic supplementary material, Movie S1). The flow generation is intimately linked to the motion of the flexible flap which undergoes very large deformations. We will show in §4 that these large deformations do influence the flow generation. Both aerofoil and flap motions cause fluid motion, and fluid motion in turn influences flap motion. The strong interaction between the flap and the fluid results in the reverse Bénard-Kármán vortex street. The undulating flow in the jet is due to the staggered array of vortices, originally created by the flap, which move under their own induced velocities. Additional details on vortex movement and spatial separation of vortices may be found in Shinde & Arakeri [29] .
The time mean flow data in figure 4 show some important features of the flow. The mean streamwise velocity (figure 4a) shows a two-dimensional jet-like flow. The flow is symmetric about the centreline and it widens downstream due to entrainment, which is also evident from the u-velocity profiles at several downstream locations shown in figure 4b. When the flexible flap is removed, the same foil for the same pitching conditions produces a highly divergent and weak jet as shown in figure 4d (see also electronic supplementary material, Movie S2). Shinde & Arakeri [20] have shown that the foil without a flexible flap produces a spread jet that is usually inclined to the centreline and the jet meanders continually and randomly; also, the vortices are not sustained far downstream. Figure 4a ,d shows that the flows from the two foils, with and without the flexible flap, are very different (see electronic supplementary material, movies). However, comparison of the flows from the two aerofoil models is not the subject of the present paper; rather, the primary focus is to determine how the flow is altered as a result of the presence of a flexible surface at the trailing edge.
Unsteady flow and thrust generation mechanisms
This section discusses the unsteady mechanism of the flow and thrust generation, and the momentum and energy transfer to the fluid by the flapping flexible foil; emphasis is given to clearly demonstrate the role of flexibility in these processes. We also present the control volume analysis in detail, and briefly discuss the actuator disc-type action produced by the foil as a consequence of foil flexibility.
(a) Flow generation
We observed that the flexible flap alters the flow substantially. To understand how the creation of the jet flow is directly linked to the flap motion and how the unsteady pressure gradients are developed and applied by the flexible foil to create and accelerate the flow, first we need to look at the deformed geometries of the flexible flap. Figure 5a shows the flap profiles over half a cycle for eight phases (named P1-P8). FT trails TE by 137 • in the y-direction. For most of the cycle (phases P1-P6), some portion of the flap moves in one direction and the remaining portion moves in the opposite direction (e.g. figure 5b ); only during P6-P8, and the corresponding phases in the other half cycle, does the entire flap move in one direction (e.g. figure 5c ). When TE and FT move in opposite directions, there will be a point over the flap with zero velocity which we call the 'point of zero velocity' (PoZV). We will show later that the PoZV may be related to momentum addition to the fluid and also to vortex formation. We now describe the physics of flow generation and the main processes that produce the coherent, aligned jet using the flow fields over the half cycle of oscillation shown in figure 6 . We also identify the roles of flexibility in the flow generation. Figure 6 shows the velocity fields for phases P1-P8. At phase P1, TE is at the top-extreme location, the aerofoil is stationary and the entire flap motion is due to the fluid motion created previously. As TE starts to move down, it pulls the flap; thus the rigid foil and the flap portion near TE actively move the fluid. The foil has the maximum velocity at the mean position (θ = 0 • ). This is when much of the fresh fluid is drawn in and most of the new flow is created, which is clearly seen during phases P4 and P5. During P6-P8, even though the aerofoil and flap decelerate, large fluid velocities are observed near the foil and flap due to the flow created during earlier phases. At P8, foil velocity is zero, and all of the flap motion is passive, similar to P1. The pitching being symmetric, the flow generation during the other half cycle would take place in the same way.
As the reverse Bénard-Kármán jet is composed of vortices shed from the FT, it is important to understand in detail how the vortices are generated. Using the velocity fields in figure 6 and the vorticity fields in the left column of figure 7, we study the generation of a clockwise vortex V3 that is eventually shed just prior to P8. The flow around the flap during phases P2-P6 in figure 6 suggests that the PoZV appears as a moving hinge point about which vortex-like fluid motion is created. Genesis of the clockwise rotating vortex V3 can be seen at P3, and, more clearly, at P4. Almost all the flow associated with this vortex is formed during the active phases P3-P5 (figure 6). The vorticity fields in figure 7 also show the inception of vortex V3 at phase P3. This vortex grows in size as well as strength with time and moves downstream along the flap surface during phases P4-P7. The vortex is finally shed from the flap tip just before P8. For vortex production, the 'pushing and withdrawal' mechanism, similar to that proposed by Taylor [39] , seems to be at work. Taylor proposed that 'to generate a vortex ring, give an impulsive motion to a circular disc in quiescent fluid and make it disappear suddenly'; the vortex ring carries the impulse given to the disc. Similar to this mechanism, in the present experiments, the flexible flap pushes the fluid to create vortex-like motion (about the PoZV, which appears as a moving hinge point; see phases P2-P6 in figure 6), and, once created, the flap is withdrawn nearly tangentially (around P7), leaving behind clockwise vortex V3. Movies in the electronic supplementary material clearly depict the flow and the vortex generation mechanisms. The near-wake vortices have a strong influence on the flow, motion of the flexible flap and the subsequent vortex shedding. To understand how, look for instance at the vortices V1 and V2 shed from the flap tip in figure 6 (see phase P1). Note that a part of the flow near the flap and the foil is induced by vortex V2. It can be clearly seen during phases P4 and P5 that, under the influence of vortex V2, the fluid upstream of it turns in the oblique-upward direction, which otherwise is being pushed nearly downward by both the foil and some portion of the flexible flap (from TE up to PoZV). Owing to the combined effect of V2 and the newly created flow, a portion of the flap (between PoZV and FT) is being pushed upward during P2-P5. Because vortex V1 is present above the centreline, the newly created flow moving obliquely upward is turned in the obliquely downward direction. Both V1 and V2 then direct the newly created flow downstream along the centreline.
The deformations of the flexible flap play a significant role in modulating the flow by not just enabling appropriate spatial and temporal release of vortices, but also helping them convect downstream away from the place of shedding. In addition to the velocity induced due to V1 and other wake vortices (figure 6), the downstream motion of the fluid in the flap region (created by the pushing action of the flap and the vortex V2 itself) imparts convective motion to V2 during phases P4-P8. Figures 6 and 7a show that V2 is almost stagnant in the x-direction during P1-P4, and its maximum displacement (from x/c ≈ 0.5-0.75) occurs between P4 and P8. From a travel distance of about a quarter chord in a quarter cycle, its average convective velocity in the downstream direction is estimated to be approximately one chord per cycle.
Another notable feature of the present flow is the absence of leading-edge vortices (LEVs). This is different from previous studies (e.g. foil flapping (especially heaving) in still fluid generates LEVs, which form a major component in the flow generated. Dye visualizations clearly showed that the LEVs are not generated in any of the cases studied in the present experiments (e.g. figure 8 ). These are not produced because the LE is rounded and the pitching point is at only 0.32c from the LE, hence there is very little relative motion between the fluid and the rounded LE to cause any vortices there. . The laser sheet is passed from bottom to top. The small 'blob' of dye near the LE is not a vortex, but it appears because of the following reasons. As there is no free-stream flow, and the foil performs a pitching motion, the following two things happen: (i) dye does not come out of the dye port continuously, but intermittently, and (ii) dye accumulates near the LE because the fluid motion there is small. Therefore, what appears as a vortex near the LE is a 'blob' of dye that is convected by the flow. This feature is clearly seen in the supplementary movie of [29] . (Online version in colour.)
The flow generation process of the narrow jet for the limiting case of the zero free-stream condition can be ascribed to 'the appropriate co-ordination between the motions of the foil and the flexible flap': both foil and flap draw in fluid from the front and largely from the sides, and owing to its deformations the flap pushes the fluid downstream as a jet along the centreline (electronic supplementary material, Movie S1, shows the flow generation process). We are not aware of any experimental study that provides a detailed description of the flow generation process and identifies the role of flexibility.
If the foil with the flexible surface is oriented vertically, then the orderly, narrow jet and the associated thrust generated in an otherwise quiescent ambient is a two-dimensional analogue of the three-dimensional flow structure in the case of natural hovering. The finite span flapping wings of insects and birds generate three-dimensional co-axial vortex rings stacked one upon the other in the vertically downward direction, which produce a jet flowing downward below the animal [33, 34, 40, 41] . The two-dimensional analogue of the stacked vortex rings is a vortex street; such a vortex street is observed downstream of the flapping flexible foil in the present experiments. However, the mechanism of flow and force generation, which comes from the appropriate co-ordination between the motions of the foil and the flexible flap, is different from the 'standard' mechanisms present in birds and insects, where the lift force is essentially from circulation around the translating wing [42, 43] .
(b) Unsteady momentum and energy transfer
The jet in the present experiments is different from the jet issuing out of a nozzle. The difference is in the way it is created: all the momentum and energy in the jet reported here is generated entirely by the oscillatory pitching motion of the foil.
Some insight into the processes by which momentum and energy are added to the fluid can be obtained from the streamwise momentum (which essentially is the streamwise velocity) and the kinetic energy fields shown, respectively, in columns (b) and (c) of figure 7 in conjunction with the flow pictures in figure 6 corresponding to phases P1-P8. These columns in figure 7 pictorially show the regions where streamwise momentum and fluid kinetic energy are added, and how these regions move with time. The time series images indicate that the ambient stationary fluid is drawn in during P1 to about P4-P5 and given momentum and energy by the motions of both the flexible flap and the rigid aerofoil. Momentum and energy in the flap region are small during P1 and P2, and they start to increase around P3. The fluid in the flap region shows large momentum and energy during phases P4 and P5; this is the time when the rigid foil TE moves with high velocity (with maximum velocity when TE crosses the centreline) and when much of the fresh fluid is drawn in. We may call this the 'active period' when large momentum and energy are added to the fluid. During P6-P8, the foil slows down and consequently the momentum and energy of the fluid in the flap region reduce; however, during this time the bent flexible flap seems to push further downstream the newly created flow of high momentum and energy fluid present just downstream of the flap region. It appears from figure 7 that vortices help to move the high momentum and energy fluid in the downstream direction along the centreline. Remarkably, figure 7 shows that almost all of the momentum and energy addition occurs in the flexible flap region, whereas very small addition takes place in the rigid foil region. Figure 7 also indicates that the vorticity, momentum and energy are highly concentrated around the centreline just within y/c ≈ ±0.5 with very small, almost negligible, values of these quantities beyond y/c ≈ ±0.5; these observations thus strongly emphasize the narrow and coherent nature of the jet along the centreline. It is evident that the flow and the momentum and energy addition are unsteady, the details of which can be obtained from integral analysis using a fixed control volume (CV) shown in figure 9 . At any instant, the streamwise momentum balance and the energy equation for this two-dimensional control volume are, respectively,
where F x is the force acting on the foil in the x-direction, Ẇ s and Ẇ p are, respectively, the rates of mechanical and pressure work (done at the four faces of control volume), ρ is the density of water and dl is the elemental distance along the control surface of length l. The first term on the right-hand side of equations (4.1) and (4.2) (unsteady terms) indicates, respectively, the temporal variation of the momentum content (M unsteady ) and the energy content from the force on the foil, may have contributions coming from the unsteady fluid pressure on the control surface [44] .
The contributions to the instantaneous force come from the two terms in equation (4.1): (i) the rate at which the streamwise momentum within the CV changes, and (ii) the instantaneous flux of momentum passing through the four faces of the control volume. The instantaneous rate of work also has these two similar contributions in equation (4.2). As we have seen in figure 7b ,c, the high momentum and energy fluid near the flap region travels downstream and eventually moves out of the control surface (D), which shows up as the flux terms in equations (4.1) and (4.2) . At the outset, we pointed out that, for both momentum and energy, the flux contribution is almost entirely from the downstream face (D). The momentum and energy flux contributions from the other three faces (A, B, C) are significantly small as the velocities at these three faces are very small; the maximum value of the non-dimensional flux among all these three faces is 0.0612 for momentum and 0.0068 for energy, which are, respectively, about two orders and three orders of magnitude smaller than the corresponding maximum values at face D (see the electronic supplementary material for the variation with time of momentum and energy fluxes over the CV faces). at P1 and P8, with maximum TE velocity between P4 and P5 when it crosses the centreline. The momentum content (figure 10a) is minimum when the trailing edge of the rigid foil is in the extreme positions and its velocity is zero; it increases with time and reaches a maximum between P4 and P5 when the TE velocity is also maximum and when much of the fresh fluid is drawn in (figure 6). The momentum content within the control volume decreases during P6-P8 when the foil slows down. Kinetic energy content also shows a similar variation with time as seen from figure 10c. These trends are consistent with the above-mentioned observations. Figure 10b shows that the momentum flux term M flux in equation (4.1) is nearly constant with time and the time derivative of the momentum content M unsteady in equation (4.1) is time periodic with a zero mean; both these terms contribute to the force. The total force (the sum of these two contributions) varies between nearly zero (at around P6) to a normalized maximum value of about 4 at around P2-P3. From the energy balance shown in figure 10d , we see that the maximum work is done around P3, again with the flux term being nearly constant and the unsteady part coming from the energy content term that shows time periodic variation with a zero mean. The unsteady analysis for transverse momentum is given in the electronic supplementary material. Figure 7 shows that much of the momentum and energy addition to the fluid takes place in the flexible flap region compared with the rigid foil region. A large part of the momentum and energy addition is expected to happen at the flap surface. It may be useful to divide the flexible flap into two portions based on its action: active (defined as that surface which moves the fluid and adds momentum and energy to it) and passive (which is pushed by the existing fluid motion). The flap-end that is firmly attached to the TE is bound to move with it, thus following the prescribed sinusoidal motion. The motion of the rest of the flap is determined by this prescribed motion, and, in addition, by its interaction with the fluid. At any part of the cycle, the active portion of the flap will be doing work on the fluid and adding momentum to it. We can roughly say that, on the active portion, the pressure difference across the flap and motion of the flap are in opposite directions. In the passive portion of the flap, it is likely that some energy is removed from the fluid and the flap extracts work from the fluid; for instance, as seen in figure 10d , during phases P6-P8 the work is negative, indicating that the fluid is doing work on the foil and the flap. It is clear that, when θ = θ max , the trailing edge is stationary and the entire flap motion is passive. We can see that the flap portion near the TE will largely be active, whereas that near the FT will largely be passive. The proportions of the active and passive portions change with time. We believe that the PoZV may be useful in demarcating the 'active-passive' division of the flap (figure 5b). However, precise identification of the active and passive portions demands detailed investigation which is beyond the scope of the present measurements; this will be considered in future. We surmise that such an 'active-passive' division of any flexible surface would provide useful insight towards understanding the action of flexibility in the momentum and energy transfer to the fluid.
The role of the active portion of the flexible flap has been demonstrated in terms of flow generation and momentum-energy addition to the fluid. It appears that the passive portion of the flap is important in appropriate positioning of the vortices, and thus in maintaining proper spacing among the vortices in the reverse Bénard-Kármán vortex street (figures 6 and 7a). It is clear that, if the length of the flap is reduced, the vortices casting off from the FT would be placed close to each other. Further study with different length flaps can elucidate the exact role of the passive portion of the flexible flap.
(c) Flapping flexible foil as an unsteady actuator slab
We will explain here the interesting flow feature seen in figures 4a,b, namely the actuator disctype flow. An actuator disc is a thin disc which accelerates the fluid passing through it by adding momentum and energy to the fluid. A pressure jump ( p) produces a favourable pressure gradient and accelerating flow both upstream and downstream of the disc ( figure 11 ). The actuator disc is a good model for propulsive devices, including during hovering motion [45] . Figure 12 shows that the structure of the mean flow from the pitching foil with the flexible flap in the present experiments resembles the flow from an idealized actuator disc. The streamlines Figure 11 . Schematic of the ideal actuator disc for zero free-stream condition. It schematically shows streamlines, and variation of velocity and pressure along the centreline; variation of axial momentum flux will be the same as axial velocity. Here U o is centreline velocity far downstream, p is pressure jump at the actuator disc and p amb is ambient pressure.
(figure 12a), the centreline velocity (figure 12b) and the streamwise momentum flux (figure 12c) show similar features to the ideal actuator disc model ( figure 11 ). The centreline velocity increases rapidly up to x/c ≈ 0.6 (figure 12b); it continues to increase (but at a slower rate) and reaches the maximum at x/c = 1.61, beyond which it reduces gradually. The momentum flux (M x = ρ y u 2 dy) increases slowly in the rigid foil region (figure 12c), and rapidly between x/c ≈ 0 and 0.6, where the motion of the flexible flap adds momentum to the fluid; thereafter, it increases gradually up to x/c ≈ 2.5, beyond which it remains nearly constant. As in the actuator disc model, the increase in the centreline velocity and the momentum flux downstream of the flap is due to a favourable pressure gradient, which is created there by the action of the flexible flap. These observations raise the question of 'how is this pressure gradient created?' The process by which this pressure gradient is set up is discussed in §4d. While the flow field from the pitching flexible foil shows many similarities to the idealized actuator disc case, there are important differences, as outlined below.
(i) An actuator disc is a very thin disc rotating about its centre. The pitching flexible foil in the present experiments is fairly long, over which pressure increases. Therefore, the more appropriate name for it would perhaps be an 'actuator slab'. (ii) In the idealized actuator disc case, velocity in the far downstream and mass flux remain constant. In contrast, for a viscous fluid, due to entrainment, the mass flux increases continuously and the centreline velocity decreases beyond x/c ≈ 1.61; in this region, the flow is similar to that in a two-dimensional submerged jet. momentum increase takes place across the disc, there is a large momentum increase in the flap region in our case. (iv) The important difference is that the flow is steady in the idealized case whereas in the present case it is unsteady; in fact, it is periodic in time due to the sinusoidal pitching of the flexible foil. We have seen that most of the momentum and energy are added only during some phases, namely the 'active period', which is when most of the contribution to the actuator disc-type action arises. Therefore, the flapping flexible foil may more suitably be thought of as an 'unsteady actuator slab', where the pressure difference and velocity in the slipstream are functions of time.
For hovering of insects, Ellington [34] proposed a 'pulsed actuator disc' model wherein the beating wings apply non-uniform pressure impulses to air. However, an analogous actuator disc modelling of a flapping foil is not known to us so far. It needs to be emphasized that we do not attempt to propose a model for the unsteady actuator disc; instead, we explain the observation of flow acceleration and actuator disc-type action, which comes as a consequence of the presence of flexibility in the foil (as will be shown in §4d).
Note that the differences (ii) and (iii) would be present for any real propulsive device such as a helicopter rotor. 
(d) Generation of a favourable pressure gradient
How is the pressure difference in the streamwise direction, which essentially brings in the unsteady actuator disc-type action, created by the flexible surface? As seen in §4b, a pressure difference would exist across any actively moving surface, rigid as well as flexible. Nevertheless, in order to advantageously utilize the fluid dynamic pressure force, its appropriate orientation is very important. Previous studies have shown that flexibility redistributes the fluid dynamic pressure and enhances the thrust and performance for the flapping foils as well as in swimming and flying animals (see [1, 4, 46] and references therein).
The pressure difference across the flexible flap in the present experiments is created by its motion. For the moving flap, a higher pressure would exist on the front side of the active portion of the flap and a lower pressure on its rear side (figure 13a). As there is no imposed flow in our case, pressure differences across the foil and flap are the only sources for the generation of the flow. The deformations of the flexible flap ensure that the active portion remains inclined with the centreline, especially when the TE crosses the centreline (θ = 0 • ); for example, see phases P4 and P5 in figure 6 . Thus, during the active phases, the pressure gradient across the flexible flap is oriented largely in the streamwise direction ( figure 13a,b) , causing the (unsteady) actuator disctype action. The pressure variation locally in the vicinity of the active portion of the flap (as shown schematically in figure 13a) will be similar to the one in the idealized actuator disc (figure 11), except that it will be inclined to the centreline unlike in the ideal actuator disc case, where it is exactly along the centreline direction. Ideally, therefore, the active portion of the flap should be as close to the vertical as possible, such that the pressure gradient is in the downstream direction. Deformation of the flexible flap largely achieves this condition, especially during the active phases when much of the new flow is created. Thus, the flap deformations are the ones which bring in the observed actuator disc-type action. One can easily see that, in the case of a completely rigid flap, a similar pressure difference would exist across the entire flap length; however, as the flap does not deform and its angle to the vertical is close to 90 • , the pressure gradient will largely be in the transverse direction, as shown schematically in figure 13c . Figure 13d shows the pressure gradient across the rigid foil without the flap, and figure 13e shows the corresponding flow field. The pressure gradient in the case of the rigid foil also would be nearly in the transverse direction. Estimation of the pressure field surrounding the flexible flap would prove the conjecture made in this section.
Effect of pitching parameters on flow and thrust generation
We studied the flow for 12 cases by varying the amplitude and frequency of pitching (table 1) . Shinde & Arakeri [29] have shown that the flap deformations increase significantly with increasing flapping amplitude and frequency. This is evident, for example, from the cases corresponding to ±15 • amplitude of flapping, as shown in figure 14 : flap becomes increasingly distorted as frequency increases. Figure 14 , which shows the velocity and vorticity fields (for θ max = ±15 • ), indicates that, despite several differences in flap motion, a jet containing a reverse Bénard-Kármán vortex street is generated by the same mechanism as described in §4a; this is true for all the other cases in table 1. However, further downstream, a narrow jet aligned along the centreline is observed only when the effective stiffness is in a particular range (0.1 EI * 1) [29] . The nearwake flows are almost similar, perhaps because the motions of the active flap portions (which importantly are always near the TE) are nearly similar, and it is only in the passive portions where the large differences in flap geometry occur (see, for example, the near-wake flows and the flap deformations in figure 14 ) [38] . These changes in the passive portion affect the vortex shedding locations. Moreover, the large changes in the motion of the flexible flap do not have much influence on the overall pattern of vortex shedding (which can be observed clearly from figure 14d-i): as in the standard case ( §4a), the vortices are shed when the FT moves towards the centreline from either side of the centreline, and away from the TE. The main difference is that -i) show the vorticity fields at the time when a clockwise vortex is being shed; the case for f = 2 Hz is shown in figures 6 and 7. In general, at the time of shedding of the clockwise vortex, the TE is near the extreme location and almost the entire flap moves passively. With the increase in flapping frequency, the flap becomes more distorted, and also the vortex shedding location moves towards the TE location. towards the TE location, x/c = 0) with amplitude, but it is reasonably constant with frequency for a given amplitude. Interestingly, the maximum jet velocity when non-dimensionalized by the maximum velocity of the trailing edge shows that it does not vary much with amplitude for a given frequency (figure 15b), thus suggesting that the maximum jet velocity scales with V TE max .
One main difference, with change in amplitude and frequency of flapping, is in the nature of momentum addition. In all cases, the increase in mean streamwise momentum flux takes place in For the standard case, the increase is roughly divided equally (figure 12c): a rapid rise in the flap region followed by a gradual rise in the downstream region. Some general observations about the momentum addition, as shown in figure 16 for some representative cases, can be made for the other cases [38] : (i) θ max = ±10 • : a large portion of the increase (about 75-80% of the total) is downstream of the flap; (ii) θ max = ±15 • : the increases are nearly equal in the two regions; (iii) θ max = ±20 • : most of the increase (about 65-70%) is in the flap region. This trend-that more of the momentum increase occurs in the downstream region for θ max = ±10 • and the increase is mostly in the flap region for θ max = ±20 • -is consistent with the above-mentioned observation that the location where maximum jet velocity occurs moves towards the TE location with the increase in flapping amplitude.
We calculate the mean thrust coefficient (C T ) using the integral momentum balance for the mean velocity field; the details of the calculation and the values of the mean thrust coefficients are presented by Shinde & Arakeri [29] . The thrust coefficient is based on the maximum TE velocity (V TE max ) and the chord (c). Our thrust coefficients (C T ∼ 1.34-2.13) are similar to those reported previously for the rigid and flexible wings flapping in still fluid (e.g. [18, 19, [22] [23] [24] ), however, there are two important distinctions: (i) in these earlier studies the LEVs form a major component of the flow and contribute significantly to thrust generation, whereas in our case the thrust generation is without the LEVs; (ii) they use combined heaving-pitching motion while we use simple rotary oscillations, i.e. pitching.
Conclusion
We studied the flow produced by a flexible surface flapping in the absence of free-stream flow (St → ∞). The symmetric foil with a flexible surface attached at its trailing edge generates a coherent, narrow jet (and the corresponding thrust) along the centreline while pitching at a fixed location. The jet is confined within just half a chord distance on either side of the centreline. Without the flexible surface, the foil generates a weak, widespread, meandering jet. A flexible surface is crucial in generating the narrow, orderly jet that is useful for thrust production. While Shinde & Arakeri [29] stream, the flapping motion of the foil is entirely responsible for the creation of the jet composed of vortices arranged in the reverse Bénard-Kármán street pattern. Flow generation is intimately linked to the motion of the flexible surface, which undergoes large deformations. Measured flow fields showed that it is the appropriate coordination between the motions of the fluid and the flexible surface which create the narrow jet. Vortices are generated possibly by a 'pushing and withdrawal' mechanism similar to that proposed by Taylor [39] . Near-wake vortices show a strong influence on flow generation. The flow and thrust generation mechanism is robust over a wide range of pitching parameters. Thrust coefficients from integral momentum analysis are similar to those in previous studies, which report that LEVs contribute significantly to thrust while LEVs are absent in our case.
This limiting case of St → ∞ is relevant to the hovering flight regime. If the flexible foil is oriented vertically, the unidirectional jet and thrust created in an otherwise quiescent ambient is a two-dimensional analogue of the three-dimensional flow structure in the case of natural hovering. However, the mechanism of flow and thrust generation is different from the 'standard' mechanisms present in nature.
Control volume (CV) analysis is performed to identify when and where the momentum and energy are added to the fluid. Large momentum and energy addition occurs only during some specific part of the cycle, which may be termed the 'active period'-it is that part of the cycle when the TE velocity is near maximum (i.e. when the TE moves around the centreline). The flexible surface is usefully divided into two portions: active (located near the TE) and passive (located near the free end of the flexible surface). Based on the flow data, it may be conjectured that, at any instant, it is the active portion that does work on the fluid and adds momentum to it, whereas the passive portion (being moved by existing fluid motion) determines the location of the vortex shedding. This kind of 'active-passive' division would be a useful way to think of the action of flexible surfaces in general, and needs further investigation. During the active period, the rigid foil and active portion of the flexible surface draw in fluid largely from the sides, impart momentum and energy to it and throw it downstream as a narrow jet. A significantly large fraction of the momentum and energy flux is observed at the downstream face of the CV (about 2-3 orders of magnitude higher than those at the other faces). Contributions to force and work on the CV come from the flux and unsteady terms; while the flux term contributes nearly steadily, the unsteady term shows time periodic variation with zero mean. Interestingly, almost all of the momentum and energy addition takes place across the flexible surface while there is very little addition by the rigid foil.
The mean flow resembles the flow associated with an idealized actuator disc; however, with some important differences: first, pressure gradients are generated over a finite distance as opposed to the localized pressure jump in an idealized case, and, second, flow in our case is inherently unsteady and it is governed by the motion of the flexible surface as a function of time. Therefore, an 'unsteady actuator slab' may be a more appropriate model for our flow. It is worth developing a simple model for the unsteady actuator disc-type action for the kind of flow presented here. We showed that it is the deformation of the flexible surface which causes the unsteady actuator disc-type action and accelerates the near-wake flow in the jet direction. The deformations during the active period are such that they orient the favourable pressure gradient largely in the streamwise direction. In contrast, in the case of a rigid flap/rigid foil, the pressure gradients are expected to be nearly in the transverse direction. The actuator disc-type analysis presented here may be applied to flapping wings both for hovering birds and insects and in forward flight. Velocity fields for such an analysis may be available from experiments (e.g. [21, 41, 47] ) or numerical simulations (e.g. [23, 48, 49] ). Such an analysis might also find applications in the design of artificial hovering devices. Funding. This work was supported by Naval Research Board grant no. NRBO0013 and AFOSR grant no.
AOAD011.
